Electormagnetic articulography (EMA) is a relatively new research technique that emerged in the phonetic instrumental research at the end of the twentieth century [1, 2] . Due to applied technology, this method allows to record, store, visualise and assess articulator movements (tongue, lips, mandible, soft palate) in 3D space in real time when pronouncing various speech sounds including vowels. Vowel articulation for different world languages are broadly described in the phonetic literature. In the EMA research of vowels the most often assessed are tongue position during articulation [3] , relationships between movements of tongue and lips [4] or tongue and mandible [5, 6] , quantity, amplitude and velocity of speech articulator movements [7] , dependency of articulation with context [3] as well as coordination between articulation gestures and vowel fundamental frequency [6, 8] . Polish vowels have not been described using EMA so far.
Introduction
Electormagnetic articulography (EMA) is a relatively new research technique that emerged in the phonetic instrumental research at the end of the twentieth century [1, 2] . Due to applied technology, this method allows to record, store, visualise and assess articulator movements (tongue, lips, mandible, soft palate) in 3D space in real time when pronouncing various speech sounds including vowels. Vowel articulation for different world languages are broadly described in the phonetic literature. In the EMA research of vowels the most often assessed are tongue position during articulation [3] , relationships between movements of tongue and lips [4] or tongue and mandible [5, 6] , quantity, amplitude and velocity of speech articulator movements [7] , dependency of articulation with context [3] as well as coordination between articulation gestures and vowel fundamental frequency [6, 8] . Polish vowels have not been described using EMA so far.
In this paper an analysis of Polish oral vowels [ɛ] and [ɔ] and their nasalised counterparts has been provided. According to phonetic articulatory classification [9, 10] vowel [ɛ] is described as front (in terms of tongue movements in the horizontal plane), open-mid (in terms of lips opening size), unrounded (in terms of shape of lips) and oral (in terms of position of soft palate). Vowel [ɔ] in turn according to the same classification is described as back (in terms of tongue movements in the horizontal plane), open-mid (in terms of lips opening size), rounded (in terms of shape of lips) and oral (in terms of position of soft palate).
Then the most important differences between the mentioned vowels are:
• the movements of the tongue in the horizontal plane dividing them into the front and back vowels, • the shape of the lips -as a consequence the unrounded and rounded vowels are distinguished, • the soft palate and the associated division into oral and nasalised vowels. Polish nasalised vowel represented by the grapheme <ę> is associated with an open-mid front unrounded vowel while the vowel <ą> represents an open-mid back rounded vowel. Their realisation in word-internal position is phonotactically possible only before non-palatalized fricative consonants and usually is transcribed [11] [ɔ] are compared, assuming as the primary critical articulator the front part of the tongue in the case of front vowels and its back part in the case of back vowels. Secondary articulation, the movement of the lower lip, was also taken into account. It was analysed in the same time relationship as the primary articulation.
Materials and Methods
The research involved 20 adult Polish speakers (10 females and 10 males) who, in the opinion of the team of experts (phonetics and speech therapists), represented careful style of the standard variety of contemporary Polish and met the criteria of linguistic and biological norms [12] . Because of insufficient number of recorded vowels for some of the speakers (1 or 2 examples), statistical testing of hypotheses was possible for only 8 female and 7 male recordings, which were selected for further analysis.
The pronunciation of selected Polish vowels was analysed in two-syllable words in the stressed position in the preceding context of the bilabial consonant [p] and the following context of the fricative dental consonant [s] . Three examples of each examined vowel were provided. Nasalised vowels were evaluated with three repetitions of the same word, as no other examples were found to fulfill the conditions of the assumed phonetic structure (in some cases, additional words were also analysed from the complementary list -for example -words węzeł and wąsy -as vowels of interest appeared in the similar contexts). Nasalised vowels were compared to the corresponding oral vowels -[ɛ] or [ɔ] . Table 1 presents the words that are included in the list for the evaluation of proper vowel variants, which are considered in the further part of the analysis. The letters representing the vowels are in bold. [2, 13, 14] . For this purpose the Carstens articulograph (AG500), a vision system consisting of three Point Gray high speed cameras (Gazelle GZL-CL-22C5M-C), and an audio recorder with 16-channel microphone array [15, 16] were used. The construction of the measuring system and its dependencies are shown in Figure 1 , while its operation is described in detail in [17] .
The recorded word material was subjected to acoustic segmentation to determine the boundaries of the analysed vowels. It was developed manually using the Praat program for acoustic signal analysis [18] , using the principles described in detail in [12, 19] . The analysis of articulation gestures was then carried out, using the phoneEMAtool software developed specifically for the needs of the experiment [20] . The toolkit allows to dynamically visualize motion trajectories of all sensors (except the reference) in X-axis (front-back) and Z (top-down) and for the analysis and extraction of information related to the location of individual sensors in time across all axes, taking into account the angular tilt φ and θ. Moreover, the software allows to calculate the motion speed of sensors in time and to determine its minima and maxima. In addition, it is possible to set a 20% level of increasing and decreasing velocities. Adding this criterion helps to avoid typical problems in determining the beginnings and ends of movements. For example, it is stated that fixed-length vowels may not have an unequivocal point on the zero-velocity axis that separates the CV (consonant-vowel) and VC (vowel-consonant) movements (see [5, 7] ). An extended amount of almost zero speed makes it difficult to precisely determine the time of the beginning of the articulation gesture on this type of continuum. Adopting the 20 percent velocity threshold criterion helps to establish such a segmentation point on a relatively steep, hence well-defined in time, velocity curve. A comparison of different velocity thresholds [25] found that using 20% value, unlike other evaluations, provided the best and most stable results. The arguments in question have also been used to determine the velocity of the sensors, with the possibility of calculating its minimum and maximum values, as well as the 20% acceleration and deceleration levels on the rising and falling slopes. In order to eliminate unwanted distortions, the Savitzky-Golay filter was used. For more precise smoothing, the algorithm was applied twice.
PhoneEMAtool [20] allows simultaneous and synchronous processing of three types of data: (1) Figure 2 shows the phoneEMAtool working window during exemplary data analysis.
Following the approach ofa Best et al. [23] an analysis of vowel articulatory gestures and their landmarks was carried out as illustrated in Figure 3 .
The symbols shown at the bottom of the Figure 3 are used to indicate the following gesture boundaries: a) GONS (gesture onset) -the beginning of the articulation gesture (the initial 20% of PVEL1 threshold on the rising edge); b) PVEL1 (peak velocity) -the peak of velocity at the beginning of the gesture; c) NONS (nucleus onset) -the beginning of the articulation gesture core (final 20% of PVEL1 threshold on the descending edge: the beginning of the constriction); d) NOFF (nucleus offset) -the end of the articulation gesture core (initial 20% of PVEL2 threshold on the rising edge: end of the constriction); e) MinVEL (minimum velocity) -minimum velocity within the core of the articulation gesture (between NONS and NOFF); f) PVEL2 (peak velocity) -peak velocity at the end of the gesture; g) GOFF (gesture offset) -end of articulation gesture (final 20% of PVEL2 threshold on the descending edge). Apart from defining the components of a dynamic articulation gesture analysis, the assessment also requires determining the relevant elements of their complex structure and indicating the articulator whose movement plays a central role in creating the articulation. In the publications addressing this problem, it is often referred to as the so-called 'critical articulator or 'crucial articulator' (see [24, 25] ). Although the number of key articulators for each phoneme may be greater than one, usually one of them is considered primary. Relevant time points for other secondary critical articulators may be determined by the time position of the primary articulator.
In the analysis of Polish vowels, it was decided to check the relationship between nasalised or oral articulation and the movements of the tongue or lower lip. Consequently, back vowels, oral [ɔ] and nasalised [ɔw̃] were compared in the analysis, assuming back part of the tongue as critical articulator. As they are rounded vowels, secondary articulation (lower lip movement) is also taken into account -by analysing it in the same time relationship as the primary articulation. Both gestures were evaluated by observing changes of the tongue back (TB) and lower lip (LL) sensor position in the horizontal axis (X), binding them with reversing or foregoing the tongue mass and rounding and flattening the lips.
Similarly, the non-rounded front vowels, [ɛ] and [ɛw̃] were compared, except that the primary articulator was considered the front part of the tongue, and the second articulation was associated with the lower lip movement, as in the case of the back vowel. Measurements of the primary articulation gesture relied on tracking the position of the tongue front (TF) sensor in the horizontal axis (X). In the same temporal relation, the secondary articulation gesture of the lower lip (LL) was also evaluated, also across the X axis. The initial measurement point was set at the place where the first minimal velocity (MinVEL1) was received corresponding to the reception of the first extreme position by the sensor of the frontal (TF) or back (TB) part of the tongue. The articulation gestures of the mentioned parts of the tongue were still present during the segment of the short before the consonant [p] or just after its explosion. The last measurement point was determined at the end of the articulation gesture (GOFF), where the critical articulator sensor reached a 20% velocity threshold on the decreasing slope. The end of the articulation gesture usually appears in the final part of the evaluated vowel. The scheme of measuring the trajectory of the movement of the back of the tongue during the implementation of the rear vowels [ɔ] and [ɔw̃] is illustrated in Figure 4 (for the example [ɔw̃]).
The scheme of trajectory measurement of the frontal part of the tongue during the articulation of front vowels [ɛ] and [ɛw̃] is illustrated in Figure 5 (for [ɛw̃] example).
Results and Discussion
As mentioned in the introduction , there is an intrinsic variation in the location of selected sensors placed on the tongue when pronouncing nasalised vowels [ɛw̃], [ɔw̃] and corresponding oral vowels [ɛ], [ɔ] . The sensor positions were measured starting with the first minimal velocity MinVel, achieved when the tongue is in the correct vowel position, until the end of a typical articulation gesture (GOFF). The maximum and minimum swings of the sensors analysed in the X-axis (front-to-back direction) were also taken into account. Based on the these sensor positions for each uttered vowel , the values of two parameters were obtained:
• max_X -maximal value of X coordinate achieved by a sensor placed on the LL, TF and TB respectively min_X -minimal value of X coordinate achieved by a sensor placed on the LL, TF and TB respectively Variation in values of these two parameters were assessed in terms of inter-individual variability as well as differences between vowels.
Inter-individual Variability
Inter-individual variability was first evaluated in terms of differences between male and female speakers. In order to assess those variability ANOVA and MANOVA tests were carried out for D and Amp parameters. Values of test probabilities p of the tests are summarized in Table 2 .
Whenever possible, the parametric ANOVA variance test was used, in which case test probabilities are indicated in Table 2 with a normal font. In case of failure to fulfil the assumptions of parametric test, the nonparametric Kruskal-Wallis test was used to perform the ANOVA analysis and the test probabilities are marked in bold. Adopted level of statistical significance was set to α = 0.05. If the test showed a significant difference in the assumed level of statistical significance, the probability value is indicated in red. Wherever the conditions allowed, a multivariate analysis of variance (MANOVA) was performed taking into account the parameters D and Amp for TF (TB) and LL simultaneously. Mean and median values are marked in blue.
As can be seen from the Table 2 , statistically significant differences between men and women occurred at the level α = 0.05 only for oral back vowel [ɔ] in the case of D parameter calculated for the lower lip (LL). In the rest of cases differences were not statistically significant at the level α = 0.05.
The second analysis of the inter-individual variability was carried out on the group of men and women taken together. Results of the analysis are presented in Table 3 . 
Results in the Table 3 reports the numbers of pairs of speakers for which statistically significant difference occurred. These pairs were determined by the HSD Tukey's test (numbers marked by a normal font in the Table 3 ) and by Kruskal-Wallis test when initial assumptions for the Tukey's test were not met (numbers marked in bold). Numbers in brackets indicate results of Tukey's test in the case when the initial assumptions for Tukey's test are not fulfilled. However violation of the mentioned assumptions was in most cases not significant. More information is given in the section 3.3. Numbers of sample vowels coming from particular speakers were rather low and not even. Usually there were between 3 and 5 examples of vowels per speaker. Speakers with 2 or 1 samples per speaker were not included into analyses. Results from the Table 3 show that opposite to the variability caused by sex, the variability caused by individual features of a given speaker is much higher. Only in 3 cases out of total 16 analysed, tests did not show any variability between pairs of speakers.
In the analysis of inter-individual variability among speakers the MANOVA test was not carried out because the assumptions for the test were not met. Therefore for every speaker values of each parameter (D or Amp) for lower lip and tongue front (back) were visualised on diagram plane for better assessment of inter-individual variability. An exemplary diagram for the case with strongest inter-individual variability is shown in Figure 6 .
The situation presented in Figure 6 is consistent with results of HSD Tukey's test presented in Figure 7 .
Differences between oral and nasalised vowels
Differences between oral and nasalised vowels in terms of mean and median values of D and Amp parameters have been shown in Figure 8 and Figure 9 . Mentioned values were taken from our former research described in [26] . It is evident that mean and median values of the movement amplitude and D parameter for the lower lip in nasalised vowel group are significantly higher than the same values for oral vowel group. This dependency is true in each case when groups of men and women are taken separately. 
Discussion
Research presented in this paper supplements another works described in [12] and [26] . Here more attention was paid to the inter-individual variability and differences between oral and nasalised vowels.
Inter-individual variability was assessed taking into account two factors: sex of the speaker as well as individual speaker features.
Formally, results of the statistical tests indicates rather low variability caused by sex of the speaker at the level of statistical significance α = 0.05. However results of the tests from Table 2 for oral vowels and for lower lip movements along X axis proved such a variability. It should be also noted that results for nasalised vowel [ɔw̃] are significantly closer to meet criteria of statistically significant difference than the rest of the obtained results. Indeed for the vowel [ɔw̃] there is statistically significant difference between male and female speakers for D and Amp parameters at the level α = 0.15 for tongue back and at the level α = 0.2 for lower lip movements in X-axis. Table 2 shows also another relatively distinct relations. The first one concerns front vowels and indicates lower variability than back vowels. The second is that parameter D shows higher variability than parameter Amp.
Much higher variability exists between speakers in comparison with variability in terms of sex. Results in Table 3 show, that variability indicated by Kruskall-Wallis test is much lower than variability indicated by HSD Tukey's test with slightly violated assumptions. In order to decide which test is more reliable, variability was also assessed visually by observation of diagrams like that from figure 6. Observation proved that more reliable are results of the HSD Tukey's test what can be also easily checked on the example illustrated on figure 6 by comparing it with results from upper table in the Figure 7 where the assumptions of Tukey's test were slightly violated. For instance points which belong to the speaker JS are very well separated from the points belonged to speakers ES, MB, MJ in categories of D_LLx parameter what is also indicated in the upper table in the Figure 7 .
The last analysis presented in the paper concerns differences between oral and nasalised vowels. As mentioned in the section 3.2 mean and median values of Amp and D parameter for the lower lip in nasalised vowel group are distinctly higher than the same values for oral vowel group. These differences range from 0.1 mm up to 2 mm if vowels are considered separately in the group of men and women. In practical terms, this means that the range of movement of the lower lip is higher than the range of the movement of the tongue front or tongue back. As a side result of the analysis of differences between oral and nasalised vowels, yet another interesting relation resulted for the inter-individual variability in the sex category. Namely mean and median values of the movement amplitude and D parameter for the tongue are usually higher for women than for men. This relation is more pronounced for median than for mean values.
Results obtained by median calculation should be considered as more reliable because median is more robust for outliers than average value. However it should be also taken into account that these differences between male and female speakers are rather not statistically significant as shown in the Table 2 .
Conclusion
Research described in this paper proved rather low variability in the basic articulation of nasalised and oral vowels between male and female speaker. The only exceptions are the movements of lower lip for nasalised vowels. In spite of low variability in the movement of articulators in terms of speaker's gender, slightly higher range of the tongue movement occurred in the group of women.
Much higher variability is observed when each speaker is taken into consideration separately. According to the HSD Tukey's statistical test, number of pairs of speakers with statistically significant difference ranged from 0 to 31. Mean percentage of pairs with statistically significant difference equals about 20%.
The results indicated also higher lower lip movements for nasalised vowels than for oral ones however this relation should be proved statistically in the future analysis.
Possible further research directions may include: -analysis of articulator movements in Z axis -analysis of time dependencies during vowel articulations -correlational and regressive analysis of EMA sensor movements.
